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ABSTRACT
D ensity  g rad ie n t c e n tr ifu g a tio n  and e le c tro n  microscopy were 
used to  e s ta b l is h  th a t  i s o c i t r a t e  ly ase , p re se n t in  the  leaves o f  garden 
peas and in  P a u l 's  S c a r le t ro se  c e l l s ,  was lo c a te d  in  the  m itochondrion 
and n o t o th e r  membrane f ra c tio n s .  L abeling  s tu d ie s ,  where various r a d io ­
a c t iv e  in te rm ed ia te s  o f the Krebs cy c le  were provided to  suspension 
c u l tu re s  o f ro se  c e l l s ,  in d ic a ted  i s o c i t r a t e  ly a se  provided, a t  l e a s t  in  
p a r t ,  the carbon sk e le to n  of the  amino a c id s  g ly c in e  and se rin e . In  
th i s  same t is s u e ,  during the logarithm ic phase o f growth, we found th a t 
th e  i s o c i t r a t e  lyase  a c t iv i ty  was 11-fo ld  g re a te r  than was needed to  
account fo r  a l l  o f the  carbon a s s im ila te d  in  pro tein -bound  g ly c in e  and 
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INTRACELLULAR LOCATION AND ROLE OF 
ISOCITRATE LYASE IN NONGLUCONEOGENIC PLANT TISSUE
INTRODUCTION
The ro le  o f  i s o c l t r a t e  lyase  in  the conversion  o f f a t s  to  sugars 
and i t s  lo c a tio n  in  the glyoxysome have been w e ll documented in  f a t t y  
seeds. This enzyme has been rep o rted  to  be p re se n t in  t is s u e s  where 
g luconeogenesis i s  not occurring  however. The purpose o f  th is  i n v e s t i ­
g a tio n  was to  determ ine the  in t r a c e l lu la r  lo c a tio n  and ro le  of i s o c i t r a t e  
lyase  in  t is s u e s  o ther than those of f a t t y  seeds.
The r e s u l t s  of th i s  study a re  presen ted  in  th re e  se p a ra te  papers.
Paper I  was prepared according to  the  in s t ru c tio n s  f o r  c o n tr ib u to rs  to
P la n t Science L e t te r s .  Papers I I  and I I I  were prepared  according to  the
in s t ru c t io n s  fo r  c o n tr ib u to rs  to  P lan t Physiology.
PAPER I
HJTRACELLUIAR location of isocitrate lyase in  LEAF TISSUE
SUMM&RY
D ensity  g rad ien t c e n tr ifu g a tio n  techniques were used to  e s ta b l is h  
th a t  the  i s o c i t r a t e  lyase p rese n t in  pea leaves was compartmented in  the 
m itochondria and not the m icrobodies.
INTRODUCTION
I s o c i t r a te  lyase (EC 4 .1 .3 .1 ) ,  which ca ta ly z e s  the conversion of 
i s o c i t r a t e  to  su cc in a te  and g lyoxylate  has been recognized to  p lay  an 
im portan t r o le  in  gluconeogenesis occurring  in  the f a t t y  t is s u e s  of 
germ inating seeds [1 ]. Furtherm ore i t  has been shown th a t  the i s o c i t r a t e  
lyase  p re se n t in  such t is su e s  i s  compartmented in  the glyoxysome [2]. 
However, i s o c i t r a t e  lyase has a lso  been rep o rted  to  be p rese n t in  green 
leaves [3 ,4 ] where f a ts  a re  not converted to  sugar and glyoxysomes have 
n o t been id e n t i f ie d .  The p rese n t s tudy  examined the com partm entation 
o f  i s o c i t r a t e  lyase  in  le a f  t is s u e .
METHODS
Pea seed lin g s (Plsum sativum  L. v ar. Burpeeana) were grown in  
V erm icu lite  in  a growth chamber a t  3,000 f t - c  during a  16-h r  photoperiod 
a t  a  day tem perature of 23 C and a n ig h t tem perature o f  13 C. Leaves, 
removed from 10 day old se ed lin g s , were r in se d  w ith  d i s t i l l e d  w ater, 
suspended in  g rind ing  medium (w/v r a t i o  o f  3 :1 ) ,  and chopped fo r  1.5 min 
w ith  a  ra z o r  b lade chopper. The g rind ing  medium, m odified from th a t  o f 
Moore and Beevers [5 ], contained 0.63 M sucrose , 0 .15 M T ric in e  b u ffe r  
(pH 7 .5 ) ,  1 mM EDIÀ, 10 mM KCl, 1 mM MgClg and 10 mM 6-mer cap toe thano 1.
The crude homogenate was passed through M lraclo th  and then  ce n tr ifu g ed  
fo r  10 min a t  1,000 x g to  remove c e l l  d e b r is ,  n u c le i, and in ta c t  
c h lo ro p la s ts .  The superna tan t was then ce n tr ifu g ed  fo r  15 min a t  
10,000 X g. The r e s u l t in g  crude p a r t ic u la te  p e l l e t  was resuspended in  
g rin d in g  medium and assayed fo r i s o c i t r a t e  lyase a c t iv i ty ,  o r  4 ml of
th is  suspension was layered on top of a l in e a r  sucrose g ra d ie n t co n s is tin g
o f a  1 ml 60 % (w/w) sucrose pad and a 34 ml l in e a r  sucrose g ra d ie n t 
extending  from 20 to 60 % sucrose (w/w). A ll sucrose so lu tio n s  contained 
1 mM EDTA and were a d ju s te d  to  a pH of 7 .5 . The g ra d ie n ts  were placed
in  a Spinco SW-27 ro to r  and ce n tr ifu g ed  fo r  5 h r  a t  25,000 rpm in  a
L2-65B Beckman u ltra c e n tr i fu g e  a f t e r  which 1.2 ml f ra c tio n s  were c o lle c te d .
The su perna tan t from the 10,000 x g c e n tr ifu g a tio n  was f i l t e r e d  
through a Sephadex G-50 column (3 cm x 28 cm) to  remove low m olecular 
w eight compounds which in te r f e re  w ith  the assay  fo r  i s o c i t r a t e  lyase (3). 
The so lu tio n  used to  p re -e q u il ib ra te  the column and e lu te  the  sample o f f  
the  column contained  0.15 M T ric in e  b u ffe r  (pH 7 .5 ) ,  1 mM EDTA, 0.33 M 
sucrose , and 10 mM 8-mercap toe thano1. F ive ml a l iq u o ts  o f th e  e f f lu e n t  
were c o l le c te d  and assayed.
A ll enzymes were assayed sp ec tro p h o to m e trica lly  u sing  a Beckman 
DBG spectrophotom eter w ith  the  excep tion  o f c a ta la s e  which was assayed 
w ith  a  Yellow Springs Instrum ent model 53 oxygen m onitor [6 ]. I s o c i t r a te  
ly a se  a c t iv i ty  was determ ined by the  method o f  Dixon and Kornberg [7]; 
cytochrome c oxidase by the  method of Hodges and Leonard [8 ]; g ly c o lic  
a c id  oxidase by the method o f Feierabend and Beevers [9 ]; and mala te  
sy n th e ta se  by the method o f  Cooper and Beevers [10]. C hlorophyll was 
determ ined by the  method o f  Arnon [11]. Sucrose co n c en tra tio n s  were
determ ined w ith  a Bausch Lomb re fra c to m e te r. A ll o f  the enzyme assays 
and ch lo rophy ll de term inations were c a r r ie d  ou t on f ra c tio n s  recovered 
from the same sucrose g ra d ie n t. Various m o d ifica tio n s o f the  experim ent
repo rted  In  th is  paper were performed on 4 d i f f e r e n t  t is s u e  p rep a ra tio n s
and each experim ent gave compartmentation r e s u l t s  comparable to  those 
repo rted  In  th is  paper.
KESULTS
Assays run on f ra c tio n s  r e s u lt in g  from d i f f e r e n t i a l  c e n tr ifu g a tio n  
(Table 1) showed no a c t iv i ty  In  the chlorop l a s t s  (1,000 x g p e l l e t ) ,
26 % was In  the m itochondria-m icrobody f r a c t io n  (10,000 x g p e l l e t )  and
74 % was In  the so lu b le  f ra c tio n  (10,000 x g su p e rn a ta n t) . This d i s t r i ­
bu tion  was comparable to  th a t  rep o rted  by Hock and Beevers [14] fo r  the 
superna tan t and 10,000 x g p a r t ic u la te  f ra c tio n s  o f  watermelon coty ledons, 
another p h o to sy n th e tic  t is s u e .
F igure lA shows the p ro te in  p r o f i le  ac ro ss  the  g ra d ie n t and the 
sucrose co n cen tra tio n  o f  the successive f r a c t io n s .  The p ro te in  and 
enzyme a c t iv i t i e s  of f ra c tio n s  1 to  8 re p re se n t so lu b le  p ro te in s , 
p ro te in s  re le a se d  when the t is s u e  was homogenized, and m a te r ia l  s o lu b i l ­
ized  from o rg an e lle s  as the 10,000 x g p e l l e t  was resuspended p r io r  to  
I t s  being layered on top o f  th e  g rad ie n t. The major p ro te in  peak found 
w ith in  the g ra d ie n t (Fig. lA) was the broken c h lo ro p la s ts  s in ce  I t
coincided w ith  th e  ch lo ro p h y ll band (Fig. IB) p re se n t a t  a  mean d e n s ity  
3o f  1.17 g/cm . This value  corresponds c lo se ly  to  the  eq u ilib riu m
3
d en s ity  o f 1.18 g/cm rep o rted  by M lflln  and Beevers [13] fo r  broken 
c h lo ro p la s ts . I n ta c t  c h lo ro p la s ts , p e l le te d  du ring  the  1000 x g c e n t r i ­
fugation , showed no I s o c l t r a t e  lyase  a c t iv i ty .
The m itochondrial band, id e n t if ie d  through the  use o f cytochrome
3
c ox idase as a marker (F ig. 1C), was found a t  a d en s ity  o f  1.18 g/cm 
as compared to  a rep o rted  equ ilib rium  d en s ity  fo r  m itochondria is o la te d
3
from pea leaves o f 1.20 g/cm [13]. This d en s ity  co in c id es  w ith  the 
second la rg e s t  p ro te in  peak found w ith in  the g rad ie n t (F ig . lA). I s o ­
c i t r a t e  lyase  was confined to  a narrow band which co incided  w ith  the  
m itochondria l f ra c tio n  (F ig . ID).
C a ta lase  (Fig. 1C) and g ly c o lic  ac id  oxidase (F ig . IB), both  
commonly used markers fo r m icrobodies, were found a t  a d e n s ity  o f 1.24
3
g/cm , the  same as the equ ilib rium  d en s ity  rep o rted  fo r  m icrobodies from 
pea leaves [13]. Both of these  enzymes were a lso  p re se n t a t  the top of 
th e  g ra d ie n t.
DISCUSSION
P rio r  to  th is  study i s o c i t r a t e  lyase had no t been rep o rted  to  
occur in  the  m itochondria o f  h igher p la n ts ,  bu t Szabo and C h a rlo tte  [14] 
showed i s o c l t r a t e  lyase a c t iv i ty  in  the m itochondria o f  y e a s t c e l l s  and 
Rubin and T re lease  [15] re c e n tly  rep o rted  both i s o c i t r a t e  ly ase  and 
mala te  sy n th e ta se  located  in  the  m itochondria of A scaris  suum la rv a e .
Ma l a te  sy n th e ta se , an enzyme accompanying i s o c i t r a t e  lyase in  gluconeo­
gen esis , was no t d e tec ted  in  our work w ith  pea leaves. A lthough g ly c o lic  
a c id  a r is in g  from the Calvin cyc le  has been dem onstrated to  be the 
p recu rso r o f  g lyoxy la te  formed by g ly c o lic  ac id  oxidase [2], we b e lie v e  
th a t  the  i s o c i t r a te  lyase  p resen t in  m itochondria o f green leaves may 
serve a s  a second source of g ly o x y la te . Presumably th i s  g ly o x y la te  would 
be a v a ila b le  fo r  g lyc ine  and se rin e  sy n th e s is . I f  so i t  would ex p la in
th e  d a ta  o f Mahon, Fock, and Canvin [16] where la b e lin g  s tu d ie s
showed th a t  no t a l l  o f  the carbon e n te r in g  g ly c in e  and se rin e  came from 
C alvin cycle in te rm ed ia te s .
The amount o f i s o c i t r a t e  lyase a c t iv i ty  in  pea leaves (1 jimole 
-1 -1su b s tra te .h  .g  f r  wt) i s  much lower than th a t  rep o rted  fo r  t is s u e s  
where gluconeogenesis occurs. The rep o rted  a c t iv i ty  fo r  c a s to r  bean 
endosperm i s  408 pmole s u b s t ra te .h r  ^*g f r  wt [10]. This 400 fo ld  
d if fe re n c e  in  a c t iv i ty  i s  perhaps no t too su rp r is in g  in  l ig h t  of the 
d r a s t i c a l ly  d i f f e r e n t  ro le s  which the enzyme may p lay  in  the two t is s u e s .  
In  le a f  t is s u e  we propose th a t the enzyme fu n c tio n s  to  supply a p o r tio n  
o f  the carbon en te r in g  a r e s t r ic te d  number o f  m e tab o lite s , perhaps only 
g ly c in e  and s e r in e ; whereas, in  germ inating c a s to r  bean seeds i t  i s  
involved in  the la rg e  sc a le  conversion o f f a t  to  sugar, a process th a t  
involves an estim ated  38 % o f the se e d 's  dry  wt [17,18].
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Table 1. D is tr ib u tio n  o f  i s o c i t r a t e  lyase  a c t iv i ty  
fo llow ing d i f f e r e n t i a l  c e n tr ifu g a tio n .
-1 -1F ra c tio n  nmoles»hr *g f r  wt % o f t o t a l  a c t iv i ty
1,000 X g p e l l e t ____ 1 0
10,000 X g p e l l e t 0 .28 26
10,000 X g superna tan t 0.82 74
T o ta l 1.10 100
^not d e te c ta b le
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FIGURE LEGEND
Fig. 1. (A-D) S epara tion  o f  o rg an e lle s  on l in e a r  sucrose  g rad ie n ts  and 


































SUBCELLULAR LOCALIZATION OF ISOCITRATE 




D ensity g rad ie n t c e n tr ifu g a tio n  and e le c tro n  microscopy were 
used to  e s ta b l is h  th a t i s o c i t r a t e  lyase p re se n t in  P a u l 's  S c a r le t  ro se  
c e l l s  was located  in  th e  m itochondria and no t o th e r  membrane f ra c tio n s .
We propose chat the enzyme may be im portant in  g ly c in e  and s e r in e  
sy n th e s is . A comparison between the  enzymatic a c t iv i ty  o f i s o c i t r a t e  
ly ase  and the amount o f  g lycine and se r in e  syn thesized  during  logarithm ic 
growth in d ic a ted  th a t  th e  a c t iv i ty  i s  g re a t  enough to  account fo r  a l l  
o f  th e  carbon en te r in g  these amino ac id s  during  th a t  s ta g e  o f  growth.
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INTRODUCTION
I t  has been w ell documented th a t  I s o c i t r a te  lyase (EC4.1 .3 .1 . ) ,  
which converts  i s o c i t r a t e  to  su cc in a te  and g ly o x y la te , i s  compartmented 
in  th e  glyoxysomes found in  the f a t t y  tis s u e s  o f germ inating  seeds (26). 
However, i s o c i t r a t e  lyase has been repo rted  to  be p re se n t in  o th e r  p la n t 
t is s u e s  (6, 14, and 17). We re c e n tly  showed th a t  I s o c i t r a te  lyase  
p resen t in  pea leaves was compartmented in  the m itochondria, n o t the  
m icrobodies (10). The p re se n t study was conducted to  determ ine i f  
s im ila r  com partmentation occurred in  non-pho tosyn thetic  t is s u e  in  which 
g luconeogenesis was no t occu rring .
19
MAiTERIAlS ANC METHODS
C e ll Suspension C u ltu res. Suspension c u l tu re s  o f P a u l 's  s c a r le t  
ro se  c e l l s  were grown in  the dark in  250 ml Erlenmeyer f la s k s  con ta in ing  
80 ml o f  MPR medium (pH 5 .5 ) (15) on a ro ta ry  shaker o p e ra tin g  a t  180 
rpm. C u ltu res were propagated by tra n s fe r r in g  approxim ately  0 .5  g of 
c e l l s  to  fre sh  media every  14 days.
T issue P re p ara tio n . C e lls , c o lle c te d  on a M irac lo th  f i l t e r  
(Calbiochem) held  in  a Buchner funnel, were suspended in  co ld  g rind ing  
medium and homogenized in  a co ld  m ortar and p e s t le  (1 g o f c e l l s  per 1 ml 
g rin d in g  medium) o r a Bounce homogenizer (1 g o f c e l l s  p e r 4 ml grind ing  
medium). The Bounce homogenizer was used to  g rind  t i s s u e  fo r  the  d e te r ­
m ination  of p a r t ic u la te  i s o c i t r a t e  lyase  a t  various tim es during the  growth 
cy c le . The grind ing  medium, m odified from th a t  o f Moore and Beevers (13), 
co n s is te d  o f 0.63 M sucrose, 0.15 M T ric in e  b u ffe r  (pH 7 .5 ) , 10 mM KCl,
1 mM MgClg, 1 mM EDTA, and 10 mM 6-m ercaptoethanol. The crude homogenate 
was f i l t e r e d  through Mir ac lo th  and cen tr ifu g ed  fo r  10 min a t  270 x g to  
remove whole c e l l s ,  c e l l  d e b r is , and n u c le i. The su p e rn a tan t from th is  
low speed sp in  was then cen tr ifu g ed  a t  10,000 x g fo r  15 min. The
10.000 X g p e l le t  was resuspended in  g rind ing  medium and 4 ml of th is  
suspension was c a re fu lly  layered  on top o f a l in e a r  sucrose  g rad ie n t or 
p e l le te d  and resuspended a second tim e to  remove low m olecu lar w eight 
compounds which in te r fe re d  w ith  th e  assay  fo r  i s o c i t r a t e  lyase  (6 ). Gel 
f i l t r a t i o n  was used to  remove low m olecular w eight compounds from the
10.000 X g supernatan t p r io r  to  determ ining so lu b le  i s o c i t r a t e  lyase  
a c t i v i t y  (10).
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The g rad ie n ts  used c o n s is te d  of a 1 ml 60 % (w/w) sucrose  pad 
and a  34 ml l in e a r  sucrose g ra d ie n t extending from 20 % to  60 % (w/w) 
sucrose . A ll sucrose so lu tio n s  con tained  1 mM EDTA and 10 mM 6-m ercapto­
e th an o l and were ad ju s ted  to  a pH o f 7 .5 . The g ra d ie n ts  were ce n tr ifu g ed  
fo r  4 h r  a t  25,000 rpm in  a L2-65B Beckman u l t r a  c e n tr ifu g e  (Spinco 
SW-27 ro to r )  a f te r  which 1.2 ml f ra c tio n s  were c o l le c te d .
A n a ly tica l Methods. A ll enzymes were assayed  sp ec tro p h o to m e tri- 
c a l ly  using  a Beckman DBG spectrophotom eter except fo r  c a ta la s e  which 
was assayed w ith  a Yellow Springs Instrum ent model 53 oxygen m onitor (20). 
I s o c i t r a te  lyase  a c t iv i ty  was determ ined by the  method o f Dixon and 
Kornberg (2) ; cytochrome c oxidase by the method o f  Hodges and Leonard 
(7 ); fumarase by the method of Hacker (18); m alate dehydrogenase by the 
method o f  Ting (25); t r io s e  phosphate isom erase by the  method o f  Gibbs 
and Turner (5 ); g ly c o la te  oxidase and hydroxypyruvate  red u c tase  by the 
method o f  Feierabend and Beevers (4 ); and m alate sy n th e ta se  by the  method 
o f Cooper and Beevers (1 ). P ro te in  was determ ined by the Lowry procedure 
(11). A Bausch Lomb re fra c to m e te r  was used to  determ ine sucrose  con­
c e n tra tio n s .
E lec tro n  Microscopy. A ppropria te  g ra d ie n t f ra c tio n s  were pooled 
and fix e d  fo r  1.5 h r  in  a  f in a l  co n c en tra tio n  of 2 .5  % (v /v ) phosphate 
b u ffe re d  g lu tara ldehyde (pH 7 .0 ) .  Immediately a f t e r  adding the 
g lu ta ra ld e h y d e , the o rg an e lle  p re p a ra tio n  was t r a n s fe r r e d  to  a  c e l lu lo s e  
n i t r a t e  tube, placed in  a  Spinco SW41 head, and c e n tr ifu g e d  fo r  30 min 
a t  30,000 rpm to  p e l l e t  the  o rg an e lles  p re se n t. A fte r  f ix a t io n  the  
p e l l e t  was then r in sed  3 times w ith  cold  100 mM phosphate b u ffe r  (pH 7.0)
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and p o s t f ix ed  w ith  4 % phosphate b u ffe red  osmium te  t r  oxide (pH 7.0) 
fo r  1 1/2 h r .  The p e l l e t  was then dehydrated in  a graded s e r ie s  o f 
acetone concen tra tions (30 7«, 50 %, 70 %, and 90 %) a t  30 min in te rv a ls  
and in  100 % acetone over n ig h t. The t is s u e  was then embedded in  a 
m ixture o f low v is c o s ity  re s in s  c o n s is tin g  o f  24 % vinyIcyclohexene 
d io x id e , 14 % d ig lyc idy  e th e r  o f polypropylene, 61 % nonenylsuccin ic 
anhydride , and 1 % dim ethyl am inoethanol (w/w, a l l  purchased from 
P o lysciences, I n c .) .  Whole c e l l s  were c o l le c te d  on a M irac lo th  f i l t e r  
and were f ix ed  and embedded in  the same manner as were the  is o la te d  
o rg a n e lle s . A S o rv a ll MT-2 ultram icrotom e was used to  th in - s e c tio n  the 
t i s s u e  which was then examined on a  P h i l l ip s  model 200 transm ission  
e le c tro n  microscope a f t e r  p o s t- s ta in in g  w ith  s a tu ra te d  aqueous u rany l 
a c e ta te  and lead  c i t r a t e .
P ro te in  A nalysis. The p ro te in  co n ten t of c e l l s  on days 4 and 6 
o f  the growth cyc le was determ ined and th is  in fo rm ation  was used to  
c a lc u la te  the amount o f g lyc ine  and s e rin e  sy n th esized . C e lls  were r in se d  
w ith  w ater, e x tra c te d  tw ice w ith  80 % (v/v) e th y l a lc o h o l, and homogenized 
w ith  a  W illiam s po ly tron . The amount o f  p ro te in , recovered  from th is  




F igu re  1 shows changes in  the a c t iv i ty  o f i s o c i t r a t e  lyase  
a s so c ia te d  w ith  the 10,000 x g p e l l e t  during  the 14 day growth cyc le  of 
P a u l 's  S c a r le t  rose c e l l s .  The a c t iv i ty  inc reased  ra p id ly  from day 3 
to  day 5 o f  th e  growth cy c le  follow ed by a  rap id  decrease  through day 
8. A fte r  day 8 the a c t iv i ty  remained co n s tan t through the rem ainder o f 
the  growth cy c le . A ll d i f f e r e n t i a l  and d e n s ity  g ra d ie n t c e n tr ifu g a tio n  
s tu d ie s  were conducted using 5 day o ld  c e l l s ,  the age when i s o c i t r a t e  
ly ase  a c t i v i t y  was h ig h e s t.
Table 1 shows the  d is t r ib u t io n  of i s o c i t r a t e  lyase a c t iv i ty  
between the so lu b le  and p a r t ic u la te  f ra c tio n s  o f 5 day old c e l l s .  The 
t o t a l  a c t iv i ty  p resen t in  these  c e l l s  was 1 .1  nmole o f su b s tra te  used 
p er h r  per g f r  wt o f t is s u e .  S ix ty -fo u r % of th is  a c t iv i ty  was a s s o c i­
a ted  w ith  the 10,000 x g p e l le t  and 36 % was so lu b le .
I s o la t io n  of O rganelles On Sucrose G rad ien ts. F igu re  2E shows 
the  sucrose co n cen tra tio n  of the successive  g rad ie n t f ra c tio n s  and the 
p ro te in  p r o f i l e  ac ro ss  the  g ra d ie n t. The major p ro te in  peak found 
w ith in  the  g ra d ie n t was the m itochondrial f ra c tio n  a t  a  mean d e n s ity  of 
1.18 g/cm (41 % sucrose , w/w). The p ro te in  peaks, lo ca ted  a t  a mean 
d e n s ity  o f 1.12 g/cm (28 % sucrose , w/w) and 1.13 g/cm (31 % sucrose , 
w/w), were no t id e n t if ie d  by marker enzymes ; however th ese  correspond to  
re p o rte d  d e n s i t ie s  fo r  endoplasmic re ticu lu m  and g o lg i membranes re sp e c ­
t iv e ly  (13). N either o f these  f ra c tio n s  e x h ib ite d  i s o c i t r a t e  lyase 
a c t iv i ty .  No p ro te in  peak corresponding to  the microbody f ra c t io n ,  
lo ca ted  a t  49 % sucrose (w/w), was observed when th e  g ra d ie n t was scanned 
a t  Aggg. The lack  o f  a p ro te in  peak co incid ing  w ith  th e  microbody
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f ra c t io n  has been rep o rted  fo r  s e v e ra l o the r t is s u e s  (8 ). The r e la t iv e ly  
low amount o f  so lu b le  p ro te in  located  a t  the top of the  g ra d ie n t i n d i ­
ca ted  the  methods employed in  t is s u e  p rep a ra tio n  y ie ld ed  a  h igh  popu la tion  
o f  in ta c t  o rg an e lle s .
I s o c i t r a te  lyase a c t iv i ty  (Fig. 2A) was confined  to  a narrow
3
band w ith  the peak a c t iv i ty  loca ted  a t  a mean d en s ity  o f  1.18 g/cm .
This co incided  w ith  the peak a c t iv i ty  o f  the commonly used m itochondria 
markers cytochrome c oxidase (Fig. 2B), fumarase (Fig. 2C) and m alate  
dehydrogenase (Fig. 2C).
The microbody f ra c tio n ,  id e n t i f ie d  through the use of the  marker
3
enzyme c a ta la s e  (Fig. 2B), was located  a t  a mean d e n s ity  o f  1.22 g/cm 
(49 % sucrose , w/w). No g ly c o la te  oxidase, hydroxypyruvate red u c ta se , 
o r  m alate sy n th e tase  a c t iv i ty  was d e tec ted  in  th is  t is s u e .  P lan t t is s u e s  
have been shown to con tain  isoenzymes of m alate dehydrogenase a sso c ia te d  
w ith  the  m itochondria and m icrobodies as w ell as so lu b le  a c t i v i t y  (19). 
This would account fo r the m alate  dehydrogenase a c t i v i t y  a s so c ia te d  w ith  
the microbody f ra c tio n  (Fig. 2C).
The d is t r ib u t io n  of trio sephosphate  isom erase, a  commonly used 
marker fo r  p ro p la s tid s , i s  shown in  F igure 2D. A c tiv ity  was found a t  
the top  o f  the  g rad ien t and a sso c ia te d  w ith  the  m ito ch o n d ria l f ra c t io n .
There was a lso  a  la rg e  peak o f a c t iv i ty  p rese n t a t  a mean d e n s ity  of
3 31.20 g/cm (44 % sucrose, w/w) and 1.24 g/cm (51 % su c ro se , w/w). The
3
peak a c t iv i ty  a t  a  density  of 1.20 g/cm corresponds to  re p o rte d  
d e n s i t ie s  fo r  the p ro p la s tid  f ra c tio n  from o th e r  t is s u e s  (12). Based on 
the  wide d is t r ib u t io n  of tr io sep h o sp h ate  isom erase, i t  appears th a t  the 
p ro p la s t id s  were n o t recovered in ta c t  a s  were the  m itochondria  and
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m lcrobodles. Moore and Beevers (13) experienced th i s  same problem in  
t h e i r  work w ith soybean c e l l  c u l tu re s .
E lectron  Microscopy. The f in e  s tru c tu re  of P a u l 's  S c a r le t  Rose 
c e l l s  5 days a f te r  t r a n s fe r  to  new media was s im ila r  to  th a t  observed 
in  suspension c u ltu re s  of sycamore c e l l s  o f a  comparable age (23, 27).
The c e l l s  contained a la rg e  c e n tra l  vacuole and a  very  th in  p e r ip h e ra l 
la y e r  o f  cytoplasm (Fig. 3 ) . A nalysis o f numerous e le c tro n  micrographs 
showed th a t  the m itochondria were by fa r  the  most p l e n t i f u l  o rg an e lle . 
F igu re  3 shows the homogeneity o f th e  m itochondria l f ra c t io n  is o la te d  
on a l in e a r  sucrose g rad ie n t. The m itochondria in  th i s  f ra c t io n  have 
the  same morphology as th a t  observed in  th in  se c tio n s  o f whole c e l l s .
Comparsion o f  i s o c i t r a te  lyase a c t iv i ty  w ith  g ly c in e  and se rin e  
sy n th e s is . The pmoles of g ly c in e  and se rin e  in co rp o ra ted  in to  p ro te in  
during  the  two day in te rv a l  between day 4 and 6 of th e  growth cycle was 
determ ined according to  the sample c a lc u la t io n  shown in  Table I I .  The 
second column in the ta b le  shows the moles percen tage o f  amino ac id s  in  
the p ro te in  of suspension c u l tu re s  o f  P a u l 's  S c a r le t  ro se  as rep o rted  
by Dougall (3). The w eight % (column 3) was c a lc u la te d  in  the  same 
manner as p rev iously  rep o rted  (19). The m illig ram s o f  g ly c in e  and s e rin e  
inco rpo rated  in to  p ro te in  (column 4) during th is  two day p erio d  was 
c a lc u la te d  by m u ltip ly ing  the w eight % by the mg o f  p ro te in  (4 .7  mg) 
syn thesized  during the same 2 day p e rio d . In  column 5 the  ixmoles of 
each in d iv id u a l amino ac id  were c a lc u la te d  by d iv id in g  the  mg o f  each of 
th ese  amino ac id s by i t s  m olecular w eight. Column 7 shows the  timoles 
o f  g lyoxy la te  requ ired  to  produce th e  corresponding amount o f g lyc ine  
and s e r in e . This c a lc u la tio n  showed th a t  a  t o t a l  o f  7 .2  iimoles of
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g lyoxy la te  was req u ired  fo r  the sy n th e s is  o f  g ly c in e  and se r in e  in c o r­
porated  in to  p ro te in  during the  two day in te r v a l  from day 4 to  6 o f the 
growth cy c le .
The p o te n t ia l  p roduction  o f  g ly o x y la te  during  th is  same two day 
period  was c a lc u la te d  by m u ltip ly in g  the a c t i v i t y  o f  i s o c i t r a t e  lyase 
in  5 day o ld  ro se  c e l l s  o f  1 .1 nmoles per h r  per g f re sh  w eight (Table I)  
by the average f re s h  w eight of 4 and 6 day o ld  c u l tu re s  o f ro se  c e l ls  
(9 ). This c a lc u la t io n  showed a t o t a l  p o te n t ia l  fo r  the production  of 
g lyoxy la te  o f 80 nmoles during  th is  same 48 hour p e rio d . Thus the 
p o te n t ia l  fo r  production  o f  g ly o x y la te  by i s o c i t r a t e  lyase  i s  11 tim es 
th a t  req u ired  to  sy n th es ize  g ly c in e  and s e r in e  in co rp o ra ted  in to  p ro te in  
during days 4 to  6 o f th e  growth cy c le .
2 6
DISCUSSION
R esults from th is  study  in d ic a ted  th a t  i s o c i t r a t e  lyase  p re se n t
in  nonphotosynthetic and nongluconeogenic p la n t  t i s s u e ,  such as ro se
c e l l s ,  i s  located  in  the m itochondria n o t the microbody.
th i s  conclusion vas based on the enzymatic d is t r ib u t io n  o f
se le c te d  enzymes among o rg an e lle  f ra c tio n s  se p a ra te d  on sucrose g ra d ie n ts . 
The id e n t i ty  of the m itochondria1 f ra c tio n  was confirm ed by e le c tro n  
m icroscopy. The com partm entation o f i s o c i t r a t e  ly a se  in  the  m itochondria 
o f  ro se  c e l ls  i s  c o n s is te n t w ith  the re c e n t work o f  Szabo and C h a rlo tte  
w ith  y ea s t c e l ls  (24); and Rubin and T re lease  w ith  A sca ris  suum la rv ae
(21) where both re se a rch  groups re p o rted  i s o c i t r a t e  ly a se  to  be p re se n t 
in  the  m itochondria.
Regarding the  fu n c tio n  of i s o c i t r a t e  lyase  in  nongluconeogenic 
t is s u e  we specu la te  th a t  i f  the  endogenous le v e l  o f  g ly o x y la te  were high 
and the  le v e l o f  i s o c i t r a t e  low, then i s o c i t r a t e  ly a se  may fu n c tio n  to  
g en era te  i s o c i t r a te  from su cc in a te  and g ly o x y la te . This p ro p o s itio n  i s  
in  keeping w ith in  v i t r o  work on i s o c i t r a t e  lyase  is o la te d  from b a c te r ia
(22), bu t c o n tra d ic ts  the  normal o p era tio n  o f  the  enzyme in  gluconeogenic 
t is s u e  where in  v ivo s tu d ie s  have shown th a t  i s o c i t r a t e  lyase  c leaves 
i s o c i t r a t e  in to  su c c in a te  and g lyoxy la te . This i s  probably  the  more 
l ik e ly  event in  ro se  c e l l s  s in ce  we a re  no t aware o f  a  pathway in  th is  
nonphotosynthetic t is s u e  which would g en era te  la rg e  amounts of 
g ly o x y la te  and thereby d riv e  the re a c tio n  in  the  d i r e c t io n  o f  i s o c i t r a t e .  
With th i s  in  mind, we propose th a t  in  nongluconeogenic t is s u e  i s o c i t r a t e  
lyase  may function  to  produce g lyoxy la te  which in  tu rn  i s  used fo r  
g ly c in e  and se rin e  sy n th e s is .
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The le v e l  of I s o c l t r a te  ly ase  in  ro se  c e l l s  as w e ll as  in  o th e r  
n o n -fa tty  t is s u e s  where i t  has been rep o rted  (6, 14, and 17) i s  
extrem ely low in  comparison to  th a t  observed in  gluconeogenic t is s u e s  
such as c a s to r  bean endosperm (1 ). In  the case of ro se  c e l l s  i t  is  only 
1/400 o f  th a t  p rese n t in  endosperm t is s u e .  The ques tion  a r is e s  as to  
whether o r n o t the small amount o f  i s o c i t r a t e  lyase  p re se n t in  ro se  c e l ls  
i s  s u f f i c ie n t  to  be of any p h y sio lo g ica l im portance. To examine th is  
q u es tio n  we compared the enzymatic p o te n t ia l  of i s o c i t r a t e  ly a se  w ith  
the  a c tu a l  amount of g lyc ine  and se r in e  which was sy n th esized  during  a 
2 day period  o f logarithm ic growth. Such a c a lc u la t io n  was p o ss ib le  
s in ce  the c e l l s  were grown on a  defined  medium con ta in ing  no amino ac id s  
and only  sucrose  and in o s i to l  se rv in g  as carbon sou rces. These c a lc u ­
la t io n s  in d ic a ted  th a t the  le v e l o f i s o c i t r a t e  lyase  was 11 -fo ld  g re a te r  
than would be necessary  to  account fo r  a l l  o f the g ly c in e  and se r in e  
in co rpo ra ted  in to  p ro te in  during logarithm ic growth of ro se  c e l l s .  This 
supports the  hypothesis th a t  i s o c i t r a t e  lyase  su p p lie s  carbon sk e le to n s 
fo r  th e  sy n th e s is  of g ly c in e  and se rin e  in  nonphotosynthetic t i s s u e .
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Table 1. T o ta l I s o c i t r a te  Lyase A c tiv ity  and Xts D is tr ib u tio n  in  5 
Day Old C e lls .
-1 -1 fiHbleS'hr «g fre sh  w eight %
Soluble 0 .4  36
P a r t ic u la te  0 .7  64
T o ta l 1 .1  ICO
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Table I I .  C alcu la tion  o f the Amount o f  G lycine and S erine  Inco rpo ra ted  












Gly 7.9 5.0 .24 3 .2 3.2
Ser 5.3 4 .5 .21 2 .0 4 .0
T o ta l 7 .2
Data taken from Ref. 3.
2
Net p ro te in  syn thesized  day 4 to  6 = 4 .7  mg.
^Each nmole o f g lycine re q u ire s  1 nmole of g ly o x y la te , each nmole of 
s e r in e  syn thesized  re q u ire s  2 nmoles o f  g ly o x y la te .
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LEGENDS FOR FIGURES
F igure  1. Changes in  i s o c i t r a t e  lyase a c t iv i ty  during th e  14 day growth 
cyc le  of P a u l 's  S c a r le t rose c e l l s .
F ig u re  2. Separation  o f o rg an e lles  on l in e a r  sucrose g ra d ie n ts .
F ig u re  3. E lectron  micrograph of in ta c t  c e l l s  (A) and the  m itochondria l 
f ra c tio n  is o la te d  on a l in e a r  sucrose g rad ie n t (B).
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F igure  3
PAPER I I I
ROLE OF ISOCITRATE LYASE 




14Labeling s tu d ie s  where G lyoxylate-U - C was provided to  su s­
pension  c u ltu re s  of P a u l 's  S c a r le t ro se  c e l l s  in d ic a te d  th a t  g lyoxy la te  
was a ss im ila te d  to the amino ac id s  g ly c in e  and s e r in e . S tud ies where 
v a rio u s  Krebs cycle in te rm ed ia tes  were provided to  th is  same t is su e  
in d ic a te d  i s o c i t r a te  lyase located  in  th e  m itochondria d id  generate  an 
endogenous pool of g lyoxy la te  which was a v a ila b le  fo r  the sy n th es is  o f 
g ly c in e  and se rin e . These s tu d ie s  a ls o  suggested  th a t  o ther pathways 
lead in g  to  the production  o f g ly o x y la te  were p re se n t in  these  c e l ls  
however. G lyoxylate-glutam ate amino t r a n s fe ra s e  was a lso  dem onstrated 
to  be p re se n t in  the m itochondria o f ro se  c e l l s .
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INTRODUCTION
In  e a r l ie r  work from th is  lab o ra to ry  (4 ,5 ) we showed th a t i s o ­
c i t r a t e  lyase p resen t in  nongluconeogenic tis su e  was compartmented in  
th e  m itochondrion r a th e r  than the glyoxysome, i t s  accep ted  lo c a tio n  in  
gluconeogenic tis s u e . Furtherm ore, we suggested th a t  i s o c i t r a t e  lyase 
in  nongluconeogenic t is s u e  may serve as a source o f g ly o x y la te  fo r  g lyc ine  
and s e r in e  sy n th e s is . In  suspension c u ltu re s  of ro se  c e l l s  we were ab le  
to  show th a t  the i s o c i t r a t e  lyase a c t iv i ty  was 11-fo ld  g re a te r  than was 
needed to  account fo r  a l l  o f the  carbon a s s im ila te d  in to  protein-bound 
g ly c in e  and se rin e  during logarithm ic growth. The p re se n t in v e s tig a tio n  
was conducted to determ ine i f  ra d io a c tiv e  in te rm ed ia tes  o f  the TCA were 
m etabolized in to  g lyc ine  and se rin e  in  a manner c o n s is te n t  w ith the 
hypo thesis  th a t  i s o c i t r a t e  lyase opera ting  in  con junction  w ith  the  TCA 
cyc le  i s  a source o f g lyoxy la te  fo r  g ly c in e  and s e r in e  sy n th e s is .
44
MATERIALS AMD METHODS
Suspension c u ltu re s  of P a u l's  S c a r le t ro se  c e l l s  were grown in  
the  same manner as p rev io u sly  rep o rted  (6).
Continuous feed ing  experim ents were performed by incubating  1 g
of c e l l s  fo r  2 or 3 h r  in  3 ml of medium (pH 5 .0 ) c o n ta in in g  from 4 to  
1410 |iCi o f  C labeled  s u b s tra te . M illip o re  f i l t e r s ,  connected to  a i r  
l in e s ,  served as incubation  v esse ls  (2 ). The medium used was recovered 
from 3 o r  5 -day-old c u ltu re s  and i t s  s t e r i l i t y  was e s ta b l is h e d  by p la tin g  
and a l iq u o t  on n u tr ie n t  agar and incubating  fo r  72 h r  a t  25 C. In  some 
experim ents carbon d iox ide re le a se d  by the  c e l l s  was trap p ed  and assayed 
fo r  as p rev iously  d escribed  (4). At the end of th e  incubation  period  
th e  c e l l s  were r in se d  thoroughly w ith  w ater and homogenized in  b o ilin g  
80 % (v /v) e th y l a lcoho l w ith  a V i r t i s  g rin d e r .
The e th y l a lco h o l homogenate was f ra c tio n a te d  in to  the chloroform  
so lu b le  m a te ria l ( l ip id s ) ,  so lub le  amino ac id s , o rg an ic  a c id s , so lu b le  
ca rbohydra tes, and the e th y l a lco h o l in so lu b le  re s id u e  by the  method 
o f  F le tc h e r  and Beevers (2 ). T heir method was a lso  used fo r  th e  hyd ro ly ­
s i s  o f  p ro te in s  p re se n t in  the e th y l a lco h o l in so lu b le  m a te r ia l.  Amino 
ac id s  were separated  by paper chromatography according to  the methods o f 
M orris and Thompson (9 ). Organic a c id s  were sep ara ted  by column chromato­
graphy using  Dowex 1 form ate r e s in  (2 ).
The m itochondria and microbody f ra c tio n s  used in  the assay  fo r 
g lu tam ate-g lyoxy la te  amino tra n s fe ra se  were is o la te d  from 5 day old  
c e l l s  on d iscontinuous sucrose  g ra d ie n ts . The g ra d ie n ts  c o n s is te d  o f a 
14 ml 50 % (w/w) sucrose pad, 10 ml o f  43 % (w/w) su c ro se , and 10 ml of 
35 % (w/w) sucrose. The design  of th ese  g rad ie n ts  was based on the
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d e n s i t ie s  of m itochondria and m icrobodies is o la te d  on l in e a r  sucrose  
g ra d ie n ts . A ll sucrose so lu tio n s  contained  1 mM EDIA, 10 mM B-mercapto- 
e th an o l, and were ad ju sted  to  a pH o f 7 .5 . A 10,000 x g p e l l e t  was 
prepared  as described p rev io u sly  (6 ), resuspended and g en tly  layed on 
top o f th e  g rad ie n t. The g ra d ie n t was p laced in  a  L2-65B Beckman 
u ltr a c e n tr i fu g e  (Spinco SW-27 ro to r )  and cen tr ifu g ed  a t  25,000 rpm fo r  
2 h r .  A fte r  c e n tr ifu g a tio n  the m itochondria band, lo c a te d  a t  the 35 % - 
43 % sucrose in te r fa c e , and the microbody band, lo ca ted  a t  the  44 % - 
50 % sucrose in te r fa c e , were removed and assayed fo r  g lu tama te - g lyoxyla te  
amino tra n s fe ra se . The assay  used, m odified from th a t  o f  K isak i and 
T o lb e rt (7 ), involved the incubation  o f  is o la te d  o rg a n e lle s  in  a t e s t  
tube which contained, in  a  f in a l  volume o f 1.25 ml, 0 .5  |iCi g ly o x y la te  
U-^^C, 25 n M"glutamate, 0 .1  p. M py ridoxal phosphate, and 200 mM phosphate 
b u ffe r  (pH 7 .5 ) . At the end of the incubation  p erio d  h o t e th an o l was 
added to  sto p  the re a c tio n . Amino ac id s  were then sep ara ted  as p r e v i ­
ously  described .
A Beckman model LS-lOO liq u id  s c i n t i l l a t i o n  co u n te r was used to  
14determ ine th e  amount of C p re se n t in  the v ario u s f ra c t io n s  examined.
Ten ml o f  s c in t i l l a t i o n  f lu id ,  c o n s is tin g  o f 6 g PPO, 100 g naphthalene, 
and 1 l i t e r  o f 1,4-dioxane was added to  each v i a l  co n ta in in g  the  sample 
to  be counted.
R adioactive su b s tra te s  used inc luded : a c e t a t e - 1 (9 mCi/mmole);
c i t r a t e - 1 , 5 ( 8  mCi/mmole); gl yoxyl at e - U ( 5. 8 mCi/mmole), and 
s uc c i na t e - 2 , 3 ( 2 2  mCi/mmole).
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RESULTS
Table 1 shows the d is t r ib u t io n  o f  in  c e l l  c o n s titu e n ts  a f te r  
14the p ro v is io n  o f  g lyoxylate-U - C to  3 day o ld  ro se  c e l l s ,  the period  
o f  peak p ro te in  sy n th e s is  (4). The m a jo rity  o f the la b e l  was recovered 
in  protein-bound and so lu b le  amino a c id s . The th a t  was re le a se d
was thought to  a r i s e  p rim a rily  from th e  decarb o x y la tio n  th a t  would occur 
as  two g lyc ine  m olecules condense to  form one s e r in e  m olecule (15). The 
low percen tage o f la b e l recovered in  the o rgan ic  a c id  f ra c t io n  i s  con­
s i s t e n t  w ith  our e a r l i e r  fin d in g  th a t  mala te  sy n th e ta se  was n o t p resen t 
in  th i s  t is s u e  (6 ). The lack  o f in  th e  o rgan ic  a c id s , la rg e ly  TCA 
cycle  in te rm ed ia te s , a lso  in d ic a ted  th a t  i s o c i t r a t e  ly ase  d id  n o t lead 
to  th e  form ation o f  i s o c i t r a t e ,  but in s tea d  appeared to  o p era te  in  the
d ir e c t io n  of g lyoxy la te  and su cc in a te  form ation as we proposed.
14Table I I  shows the d is t r ib u t io n  of C in  in d iv id u a l p ro te in -
14bound and so lub le  amino ac id s when g lyoxy la te  IT- C was provided to  3 and 
5 day o ld  ro se  c e l l s .  Day 5 of the  growth cy c le  i s  th e  peak p erio d  of 
i s o c i t r a t e  lyase a c t iv i ty  in  these c e l l s  (6 ). In  bo th  3 and 5 day old  
t i s s u e ,  g lyoxy la te  was inco rpo ra ted  alm ost e x c lu s iv e ly  in to  the carbon 
s tr u c tu re  of th e  amino ac id s  g lyc ine  and s e r in e .
Having dem onstrated th a t  exogenously provided g ly o x y la te  was 
a s s im ila te d  to  g lyc ine  and se rin e  in  the p re d ic te d  fash io n , th e  nex t 
s e r ie s  of experim ents was designed to  determ ine i f  i s o c i t r a t e  ly ase , 
p rev io u sly  shown to  be in  the m itochondrion (5 and 6 ) , was in stru m en ta l 
in  g en e ra tin g  an endogenous pool o f  g ly o x y la te  which was a v a ila b le  fo r 
th e  sy n th e s is  of th ese  two amino a c id s . Three day-o ld  c e l l s  were provided 
w ith  various ra d io a c tiv e  m e tab o lite s  which had been p rev io u sly  shown 
to  be ac c e ss ib le  to  the  TCA cycle  follow ing uptake by th ese  c e l l s  (4 ).
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14Table I I I  compares the in co rp o ra tio n  o f C in to  g ly c in e  and
se r in e  to  th a t  of o th e r  amino ac id s  when c i t r a t e - 1 , 5 was provided to
143 day o ld  ro se  c e l l s .  The amount o f C inco rpo rated  in to  these two 
amino ac id s  was g re a te r  than th a t  incorporated  in to  amino ac id s  whose 
carbon sk e le to n  i s  no t derived  d i r e c t ly  from the TCA. c y c le . A ce ta te -1 - 
(Table IV) and succ i na t e - 2 , 3 (Table V) a ls o  co n trib u ted  a s ig n i ­
f ic a n t  amount of to  g lyc ine  and s e r in e . These th re e  TCA cycle  i n t e r ­
m ediates con tribu ted  more la b e l to  protein-bound g ly c in e  than s e r in e .
14This la b e lin g  p a tte rn  was a lso  observed when C g ly o x y la te  was provided 
to  ro se  c e l l s  (Table I I ) .
Table VI re p o r ts  th e  r e s u l t s  of the  ra d io a c tiv e  assay  fo r  the 
enzyme g lu tam ate-g lyoxy la te  amino tra n s fe ra se  as ^^C in  glutam ate and 
g ly c in e . This was necessary  due to the poor se p a ra tio n  o f these amino 
ac id s  by paper chromatography. The s e le c tio n  of glu tam ate as the  amino 
donor fo r g lycine sy n th e s is  was based on the work by K isak i and T o lb e rt 
which showed glutam ate was approxim ately 2 tim es more e f f e c t iv e  as an 
amino donor than any o ther amino ac id  (7 ).
We fe e l  th a t the m a jo rity  o f the ^^C was in  g ly c in e , no t g lu ta ­
m ate. I s o c i t r a te  ly ase  would be req u ired  to  op era te  in  the d ire c tio n  o f 
i s o c i t r a t e  form ation fo r  th e  sy n th es is  o f  g lu tam ate and none o f  our in  
v ivo  r e s u l t s  in d ic a te d  th a t  th is  occurs. Furtherm ore we do no t b e liev e  
th a t  s u f f ic ie n t  amounts of NAD would be p resen t in  th e  is o la te d  
m itochondria to  perm it i s o c i t r a t e  dehydrogenase to  c a ta ly z e  the  conver­
s io n  o f i s o c i t r a t e  to  a -k e to g lu ta ra te . The m ito ch o n d ria l f ra c tio n  
showed more to ta l  inco rpo rated  in to  g lyc ine  and glu tam ate than did  
the  microbody f ra c tio n  w hile  the  microbody f r a c t io n  e x h ib ite d  a h igher 
s p e c if ic  a c t iv i ty  o f  th e  enzyme.
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DISCUSSION
When various lab e led  m etabo lite s  were provided to  ro se  c e l l s ,
th e  carbon skeletons o f  g lyc ine  and s e r in e  were produced. We b e liev e
th a t  each o f  the m etabo lites provided (ace ta te -l-^^O , c i t r a t e -1 ,5 -^^C,
14and su c c in a te -2 ,3 -  C) en tered  the  TCA cyc le  where they were converted 
to  ra d io a c tiv e  i s o c i t r a t e .  Furtherm ore we f e e l  th a t  i s o c i t r a t e  lyase , 
lo ca ted  in  the mitochondrion, was resp o n sib le  fo r  con v ertin g  the ^^C 
la b e le d  i s o c i t r a t e  to  ^^C g lyoxy la te  and su c c in a te . The labe led  
g ly o x y la te  was then converted to  g lyc ine  by g lu tam ate-g lyoxy la te  amino­
tra n s fe ra s e  which we a lso  showed to  be compartmented in  the  m itochondrion.
The scheme we have proposed may a lso  ex p la in  some o f  the incon­
s is te n c ie s  noted in  regard  to th e  sy n th esis  of g ly c in e , se r in e , and
g ly c o la te  in  pho tosynthetic  t is s u e .  Work by Mahon, Fock, and Canvln (8)
14showed th a t ,  when sunflow er le a f  d isk s were exposed to  CO  ̂ a t  a 0^
co n c en tra tio n  of 21 %, g lyc ine , se r in e , and a lan in e  changed sp e c if ic
a c t iv i t y  more slowly than 3 -PGA. At 1 % 0^ le v e ls  the s p e c if ic  a c t iv i ty
o f  these  compounds was lower than a t  21 % 0 ^  le v e ls  thus in d ic a tin g  th a t
th e se  amino acids were no t derived  s o le ly  from C alvin cy c le  in te rm ed ia te s .
Work by Z e litc h  (16) showed th a t  when aceta te -2 -^^C  o r pyruvate-3
was provided to  maize and tobacco le a f  t is s u e s , g lyco la te-2 -^^C  was
produced. I f  these labe led  compounds en tered  and completed one tu rn  o f 
14th e  TCA cyc le , the C labeled  carbon atoms would be in  th e  c o rre c t
p o s it io n , the #2 carbon o f  i s o c i t r a t e ,  fo r  the p roduction  o f  g ly o x y la te -
2-^^C by i s o c i t r a te  ly ase . Z e litc h  a lso  dem onstrated g ly o x y la te -2 -^^C
14was r e a d i ly  converted to  g ly c o la te -2 -  C by g ly o x y la te  red u c tase  in  these  
two t is s u e s  (16). The g lyoxy la te  pathway which we have proposed as an
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a l te r n a t e  to  those s ta r t in g  from r ib u lo se  d iphosphate (15) o r 3-phospho-
g ly c e ra te  (10) could account fo r  th i s  la b e lin g  p a t te rn .
14An a l te rn a t iv e  exp lana tion  f o r  the e n try  of C in to  g ly c in e
and s e r in e  from the m etabo lites provided in  th is  study  would be th a t  the
14m e ta b o lite s  gave r i s e  to  CÔ  which was re f ix e d  in  the  form o f  carbon-4 
a c id s . I f  th e se  ac id s  were converted  to  g ly c e ra te  o r  a d e r iv a tiv e  
th e re o f, they  could then serve as the  s ta r t in g  p o in t fo r  one o f  the
accepted  pathways of g lycine and s e r in e  sy n th e s is  (10). I f  th i s  happened,
14 14then  one would p re d ic t th a t  a C -m etabolite  which re a d i ly  produced COg
would lead  to  the  form ation o f more ra d io a c tiv e  g lyc ine  and s e r in e  than
14from one which was le ss  l ik e ly  to  g ive r i s e  to  CO .̂ The p o s it io n  of
th e  in  a c e ta te -l-^ ^ C  and c i t r a t e - 1 , 5 make them v u ln e ra b le  to
d ecarb o x y la tio n  when they e n te r  the TCA. cyc le  whereas th i s  i s  n o t tru e
fo r  s u c c in a te -2 ,3 -^^C. T herefore, in  the  p re se n t study , i f  en tered
g ly c in e  and s e rin e  follow ing decarboxy la tion  and r e f ix a t io n ,  then
ace ta te -1 -^^C  and c i tra te -1 ,5 -^ ^ C  should  be a  b e t te r  source than
s u c c in a te  2 ,3-^^C. I t  i s  no t p o ss ib le  to  make d i r e c t  com parisons of
r a d io a c t iv i ty  recovered in  g ly c in e  and s e r in e  upon p ro v is io n  o f  d i f f e r e n t
s u b s t ra te s  s in ce  the su b s tra te s  do n o t e n te r  th e  c e l l s  in  equa l amounts.
14However, ano ther form of a n a ly s is  i s  to  compare the r a t i o  o f C in
g ly c in e  and s e rin e  to  th a t  o f  an amino ac id  such as g lu tam ate whose
carbon sk e le to n  is  believed  to  a r i s e  on ly  from the TCA c y c le . When th i s
was done, th e  r a t io s  of ^^C in  g lu tam ate to  th a t  in  s e r in e  p lu s  g ly c in e
were 9 .1 , 9 .4 , and 22.7 fo r  a c e ta te ,  c i t r a t e ,  and su c c in a te  re s p e c tiv e ly .
14Thus i t  would appear th a t r e f ix a t io n  o f  CÔ  may se rv e  as a  source o f 
carbon f o r  g lyc ine  and s e r in e  sy n th e s is  in  th i s  nonpho tosyn thetic  t is s u e .
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I t  i s  c e r ta in  th a t  se v e ra l pathways e x i s t  fo r  the  a s s im ila tio n  
o f  carbon in to  g ly c in e  and se r in e . Those a r is in g  from r ib u lo se  d i ­
phosphate (15) and 3 -phosphoglycerate have been w e ll documented (10).
We b e liev e  th a t  i s o c i t r a t e  serves as s t i l l  an a d d i t io n a l  source . The 
presence of i s o c i t r a t e  lyase  in  th e  m itochondrion and the  la b e lin g  d a ta  
presen ted  in  th i s  paper support th is  h y p o th e s is . L abeling  s tu d ie s  w ith  
iso la te d  m itochondria a re  underway to  g ive  more d e f in i t iv e  proof o f th is  
proposed pathway lead ing  to  g ly c in e  and s e r in e .
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14Table I .  D is tr ib u tio n  o f  C in  C e ll C o n s titu e n ts  a f t e r  a
143 h r  Incubation  in  10 |iCi of G lyoxylate-U - C.
cpm 7.
C02 212,007 11
S oluble Amino Acids 447, 660 23
P ro te in  Amino Acids 908,780 46
L ip ids 335,440 17
Carbohydrates 18,500 1
Organic Acids^ 40, 905 2
^Other than g lyoxylate .
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Table I I .  D is tr ib u tio n  o f  in  S olub le and Protein-Bound Amino Acids
14a f te r  a 2 h r  Incubation  in  4 nCi of G lyoxylate-U - C.
cpm
S oluble P ro te in
Amino Acid Day 3 Day 3 Day 3 Day 5
A sp arta te 1,563 745 800 490
S erine 98,100 53,625 39,730 24, 280
G lycine 22,715 14,205 162,225 63,300
Glutamate 1,785 1,760 20, 160 2,000
Threonine 465 185 320 160
M ethionine Sulfoxide 555 730 941 582
*Alanine 865 570 660 520
*Tyrosine 230 140 120 51
P ro lin e 1,560 350 740 452
*Valine 550 720 730 370
*Phenylalanine 230 360 190 80
Leucine & Iso leu c in e 115 85 930 520
A sparagine 1,615 550 - -
Glutamine 730 410 - -
Homoserine 1,125 395 - -
Y-Aminobutyrate 295 210 - -
*Amino a c id  whose carbon s tru c tu re  i s  not derived  d i r e c t ly  from the TCA
cy c le .
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Table I I I .  D is tr ib u tio n  o f in  Soluble and Protein-Bound Amino Acids
a f te r  a 3 h r  Incubation  in  10 |iCi o f C i t r a t e - 1 ,5 -^^C.
cpm
Soluble P ro te in T o ta l
A sp arta te 850 2, 000 2,850
S erine 520 340 860
Glycine 365 860 1,225
Glutamate 10,650 9,020 19, 670
Threonine 210 590 800
M ethionine Sulfoxide 205 640 845
*Alanine 1,040 370 1,410
*Tyrosine 270 80 350
P ro lin e 650 2, 170 2, 820
*Valine 270 350 620
♦Phenylalanine 235 220 455
Leucine & Iso leu c in e 410 1,770 2,180
Asparagine 320 - -
Glutamine 1,295 - -
Homo a in e 50 - -
Y -Aminobutyrate 6,775 - -
♦Amino ac id  whose carbon s tru c tu re  i s  no t derived  from the TCA cy c le .
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14Table IV. D is tr ib u tio n  o f C in  Soluble and Protein-Bound Amino Acids
a f t e r  a 3 h r  Incubation  in  10 nCi o f A cetate-1-^^C .
cpm
Soluble P ro te in T o ta l
A sparta te 5,050 60, 100 65, 150
Serine 6,485 5,030 11,515
Glycine 4,115 12,690 16, 805
Glutamate 39,455 161, 130 200,585
Threonine 2,615 16,920 19,535
M ethionine Sulfoxide 1,050 2,560 3,610
*Alanine 4,500 4,210 8,710
*Tyrosine 665 130 795
P ro lin e 6,420 7,850 14,270
*Valine 415 2, 110 2,525
♦Phenylalanine 155 2,100 2,255
Leucine & Iso leu c in e 2,645 118,320 120,965
Asparagine 2,455 - -
Glutamine 3,910 - -
Homoserine 885 - -
y -Aminobutyrate 16,810 - -
*Amino ac id  whose carbon s tr u c tu re  i s  n o t derived  from th e  TCA cy c le .
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14Table V. D is tr ib u tio n  o f C in  Soluble and Protein-Bound Amino Acids
a f t e r  a 3 h r  Incubation  in  10 tiCi o f  S u cc in a te -2 ,3 -^^C.
cpm
Soluble P ro te in T o ta l
A sp a rta te 35, 115 176, 830 211, 945
S erine 1,640 2,120 3, 750
G lycine 1,765 9,470 11, 235
Glutamate 125,515 215,330 340, 845
Threonine 8,555 49,640 58,195
M ethionine Sulfoxide 1,785 4,310 6,095
«Alanine 1,005 29, 890 30,895
«Tyrosine 2,175 620 2,795
P ro lin e 6,195 47, 600 53,795
«V aline 1,165 15, 170 16,335
«P henylalanine 315 1,470 1,785
Leucine & Iso leu c in e 3, 155 59,350 62,505
Asparagine 5,020 - -
Glutamine 17, 160 - -
Homoserine 2,365 - -
y  -Aminobutyrate 21,440 — -
«Amino ac id  whose carbon s tru c tu re  i s  n o t derived  from th e  TCA cy c le .
58
Table VI. R esu lts  Assay fo r G lutam ate-G lyoxylate Amino T ransferase  
In  Iso la ted  M itochondria and M icrobodies.
T o ta l cpm in  cpm p er |ig P ro te in
F ra c tio n ___________________ Glu and Gly in  Glu and Glv p er h r
M itochondria 1,835 43
Microbody 1,288 89
